Ti42Zr40Ta3Si7.5Sn7.5metallic glass powder prepared for subsequent consolidation by hot pressing were produced by high energy ball milling from amorphous ribbon and both of the compositional and structural evolution on milled powders were studied using XRD and DSC analyses. By using WC vial and balls, the abrasion of milling media occurred causing WC contamination on < 105 µm milled powder after 2 cycles of milling. Based on DSC analysis, the contamination clearly reduced theΔTxof the alloy up to 48%. On the other hand, the contamination were overcome after milling using SS vial and balls, proved by no crystal peak observed on XRD pattern of all milling cycle levels. However, the thermal stability was noticed to be decreased implying the presence of nanocrystals on the amorphous powder after ball milling and the nanocrystal amount tend to be higher when more milling cycles were applied.
I. Introduction
The study of metallic glasses is recently important both in fundamental and application due to their unique and superior properties compared with the crystalline counterparts, which are high strength, high hardness,good corrosion and wear resistance, and excellent soft magnetic property [1] . Titanium-based metallic glass (Ti-based MG) is one of potential candidate materials applied in biomedical field due to its better corrosion and wear resistance, lower Young's modulus,and higher elastic strain limit modulus compared with Ti and its alloys which are widely used as biomedical implant materials as their good implant requirement properties such as low densityand good biocompatibility [2] , [3] . These properties of Ti-based MG can be designed to solve large boneimplant Young's modulus mismatch resulting stress-shielding effects which can damage the surrounding tissue [2] , [4] , [5] .
Although Ti-based MGs become the most attractive candidate of biomaterials among all metallic glasses, Be, Ni, and Cu element need to be involved to improve their high GFA, therefore, they can be fabricated into bulk form. But, all of these elements are classified as toxic elements which harmful for human body after long period implantation [6] .Ti-Zr-Si-Sn system of metallic glass had been successfully developed by Jang's group. However, this composition possess relatively low GFA due to the absence of toxic elements, so, amorphous structure could be only formed into ± 18 -25 µm thick ribbon. One of the possible ways to obtain bulk and applicableTi-basedmetallic glass is consolidation of its powder constituent by hot pressing process. Usually, this process is isothermally conducted at supercooled liquid region for certain time depends on alloy incubation time for recrystallization.
Ball milling is a simple and flexible processing method to synthesize of metastable material such as amorphous, nanocrystals and solid solution [7] , [8] . The main evolution of microstructure during milling generally initiateswith plastic deformation, followed by fracture and subsequent particle welding. Milling parameters to convert ribbon into powder plays an important role to determine structure and properties of generated amorphous powder. The process feasibility and bulk product quality such as mechanical and chemical properties will be influenced by state of initial powder [8] , [9] .Exceeds milling time and cycles can be the purpose of both powder contamination and crystallization due to the stress and temperature elevation during milling process. On the other hand, the interaction between powder and milling media (both of vial and balls) material also determines the powder composition obtained from milling process. It should be noted the SPEX mill could possibly introduce contamination from the grinding media into the milled powders due to its high energetic efficiency.This can obstruct amorphous interface bonding between powders when powder consolidation by hot pressing, then, reducing the mechanical properties of hot pressed sample. In addition, low GFA Ti-based MGs indicating low thermal and mechanical stabilization are susceptible to loss their amorphous nature as a result of thermal and mechanical working during powder milling. So, optimum milling condition and milling media selection must be reached to obtain high quality powder [9] , [10] . Nevertheless, the informations regarding milling parameters effect on Ti-based MG powder structure and thermal properties have never been revealed by previous studies.
In this study, the structure and thermal properties of non-toxic Ti-based MGs powder obtained from high energy ball milling using different milling media and number of cycles were investigated due to the contamination and crystallization may occur during milling to provide an overview relating optimum condition and milling parameter selectionwhich can be applied for advance Tibased MGs processing. Ti42Zr40Ta3Si7.5Sn7.5MGwas selected as sample composition due to the absence of toxic elements andits highest GFA among all configuration of the alloy system. The structural and thermal evolution of as spun and powder MG after high energy ball milling were intensively discussed.
II. Materials and method.
Alloy ingotswith composition of Ti42Zr40Ta3Si7.5Sn7.5 (at.%) were firstly prepared by arc melting of representative elements having purity of 99.9% inside Ti-gettered argon atmosphere. The process is repeated for 4 times by reversing and re-melting the ingot surface in each process to ensure their homogeneity. After the ingots had successfully evacuated from the chamber, they were re-melted and cast to be ± 18 -25 µm MG ribbon by melt spinning method at temperature of 0oC. Subsequently, amorphous ribbon were cut into a small size and put together with ball mill inside the milling vial under argon atmosphere to avoid oxidation during milling process. Tungsten carbide (WC) and stainless steel (SS) ball and vial were utilized during powder milling using 8000M SPEX Sample Preparation Machine.Ball-to-powder ratio (BPR) of 10:1 was used to grind 10 g fine cut ribbon for each milling process. Due to the low stability of Ti-based MG, the milling procedure was set to grind for 5 min (very short milling time) followed by a break for 20 min until desired cycle was reached in order to hinder early crystallization. Afterwards, the powder was evacuated from the vial and sieved to obtain only powder having particle size of <105 µm. This was chosen to be prepared as subsequent analytical sample.
Structural analysis was conducted on as spun ribbon and milled powder by using Bruker D8A Xray Diffraction (XRD) with scanning rate of 4.861o min-1. Meanwhile, the thermal properties of them were investigated by Mettler Toledo Differential Scanning Calorimetry (DSC) Instrument to obtain specific temperature (glass transition temperature, Tg, and crystallization temperature, Tx). Supercooled liquid (SCL) region (ΔTx = Tx -Tg) obtained from the DSC analysis was defined to be the thermal stability of alloys.
III. Results and discussion.
The alloy ingot of Ti42Zr40Ta3Si7.5Sn7.5was successfully fabricated by arc melting and the crystal structure of combined compositions is confirmed by XRD shown on Figure 1(a) . Due to the lower GFA of Ti-based BMG compared with other based BMGs, the amorphous structure could only achieved at limited size, therefore, the ingot was cast by using melt spinning to produce ribbon. The XRD pattern of ± 18 -25 µm as spun ribbon is shown on Figure 1 (b)exhibiting a broad diffraction peak of 2θ at 30-50o without any crystalline Bragg peak indicating the structure is fully amorphous. To investigate the thermal properties of the alloy, DSC test ranging from 323 -973 K was utilized and the curve of as spun ribbon is shown at Figure 2 . Under the heating rate of 40 K min-1, both glass transition and crystallization temperatures (Tgand Tx) of Ti-based MGwere determined to be 800 and 919 K, respectively, implying relatively wide SCL region (119 K).ΔTx was suggested as the criteria to determine the thermal stability of BMGs. Due to the isothermal condition is applied during subsequent hot pressing, it is necessary to find both of the real Tg and Tx by DSC analysis using different heating rates to predict the width SCL regionwhen using heating rate of 0 K min-1 (isothermal). The results are shown on Figure 3 and the real Tg and T¬x of ribbon were linearly fit to be 777 and 893 K, thus,ΔTxwas calculated as 116 K.
Afterwards, high energy ball mill was used to produce the powder from small cut ribbon. Tungsten carbide (WC) vial and ball were firstly utilized to grind the ribbon. Different milling cycles was conducted to vary the powder result. From XRD pattern on Figure 4 (b), no structural change is observed by 2 cycles of milling indicating the structure was still amorphous. By further milling cycles, the crystal peaks dominated by WC crystal are clearly appeared indicating the presence of crystal phase around the milled powders. In addition, the higher amount of crystal phases was generated by 12 cycles of milling with the presence of unknown crystal other than WC.
To investigate the WC contamination on structural and thermal property of milled powders, the DSC analysis of contaminated powder were done using different heating rates. The DSC curves are shown on Figure 5 (a). By using similar method to predict the real specific temperaturesof ribbon, the Tg and Tx of contaminated powders were determined to be 793 and 853 K resulting ΔTxof only 60 K (48% of reduction) ( Figure 5 (b) ). This indicated the degradation of thermal stability of amorphous powder by the presence of certain amount of WC from vial and ball abrasion after high energy ball milling. The higher Tg gives the higher opportunity for alloy to suffer oxidation during heating. In addition, lower Tx generates rapid crystallization when alloys are put in practical usewithin SCL region, i.e. superplastic forming. On the other hand, stainless steel (SS) vial and balls were also used to produce the MG powder from small cut ribbons. The XRD pattern of 2, 4, 6, 8 cycles completed with its ribbon are delivered on Figure 6 (a). It is clearly shown that the contamination of milling media on milled powders are hindered by using SS vial and balls proved by the absence of Fe crystal peak. However, weak diffraction crystal peak at around main amorphous hump appeared at powder sample resulted by 4 cycles of milling, indicating the formation crystals with nanometer size(nanocrystals) in the amorphous. By the higher milling cycles, the more peaks are observed to be separated in other region. The limitation of XRD analysis to detect nanocrystals made the clear peaks on the pattern are not achieved, therefore, only weak signal could be performed [11] .
Due to relatively imprecise results of XRD to reveal the presence of nanocrystal, the subsequent DSC analysis was conducted to clarify the structural and thermal properties change after ball milling. As described on Figure 6 (b), after ball milling for 2 cycles, bothof Tg and Txare lessvisible and the remain crystallization peak is slightly broadened. These phenomena are consistently observed at higher cycles of milling powders, moreover, the one additional crystallization peak rise after 8 cycles of milling. On the other hand, the ΔTxare gradually decreased with higher milling cycles. It indicates that the thermal stability remain reduced after high energy ball milling. The degradation of amorphous nature by minor crystallization of powder is considered to be occurred after the process, therefore, using high cycle parameter of ball milling remains disadvantage to produce powder for subsequent hot pressing.
The change of alloy composition due to abrasion and contamination of milling media,direct crystallization and oxidation caused by rise of local temperature at collision region on powder trapped by milling balls or milling ball-vial, and stress induced crystallization from shear bands development which act as preferred site for nanocrystals precipitation are the possible reasons ofthe structural evolution on MG powder during ball milling [9] , [12] .
By using WC vial and balls, the contamination was possibly occurred due to the high strength of Ti based MG powder damaging the WC particle bonding resulting abrasion on milling media wall and finally contaminate the powder. These phenomena are clearly proved by the presence of WC crystal peaks on XRD pattern. By using higher milling cycles, the contamination is observed to reach higher level consistent to the higher intensity of WC peaks. By the fact that the milling was done under Ar atmosphere, the presence of oxygen in milling chamber could be neglected. Increase of oxygen content related with the increase of powder surface-to-volume inducing oxidation when heat rise during milling process. However, this case was hindered due to the powder only milled for short time which is not sufficient to generate heat for oxidation. From the DSC test, the contamination clearly degrade the thermal stability of MG powder, therefore, reduce their properties for subsequent hot pressing.
While SS vial and balls used, the abrasion and contamination of milling media on milled powders are not occurred by examining the XRD result. However the thermal stability change observed by DSC test indicates the structural evolution of milled powder compared with its ribbon counterpart. Similar with the latest one, the oxidation could be neglected due to the presence of only very small amount of oxygen in Ar atmosphere and the absence heat during short time milling process. On the other hand, the deformation of MG at temperature lower than Tg is determined by the formation and movement of shear band which localized in weakest site of MG [13] . The strength of material inside the shear band is reduced during shear band formation, afterwards, deformation takes place along the shear bands [12] , [14] . This suggest that during the MG deformation, viscous flow inside the shear bands is improved and structural changes may happen within the shearband.The rapid propagation of shear band induces the local temperature rise on shear band tip playing important role in the formation of nanocrystals on low GFA MG as shown by most of Tibased MG without any toxic element composition [12] , [15] . This possibly describes the presence of nanocrystals inside the amorphous powder, which reduce the thermal stability of the MG. By the higher cycles, the amount of nanocrystals are also improved. The presence of optimum amount of nanocrystals inside the amorphous phase may improve its mechanical properties, however, those on MG powder are not beneficial because it can deteriorate the thermal properties and impede the powder-to-powder interface during powder consolidation by hot pressing.
IV. Conclusion.
Ball milling has been progressively applied to produce Ti42Zr40Ta3Si7.5Sn7.5metallic glass powder from amorphous ribbon using both of WC and SS milling media. From XRD analysis, WC particle contamination were clearly observed after 4 cycles of milling indicating deteriorate effect on MG powder after ball milling using WC vial and balls. The DSC test of contaminated powder revealed the reduction of their thermal stability compared with the ribbon. The contamination and its thermal stability degradation effect remained higher by using more cycles of milling. On the other hand, contamination of milling media was overcome when SS vial and balls were utilized during ball milling. However, the presence of nanocrystals were observed after ball milling as confirmed by XRD and DSC analysis. The amount of nanocrystals tend to be higher when the higher milling cycles were used. These phenomena may degrade the properties of MG powder for subsequent consolidation by hot pressing.
